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Concentration for unknown atomic entangled states via cavity decay
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We present a physical scheme for entanglement concentration of unknown atomic entangled states
via cavity decay. In the scheme, the atomic state is used as stationary qubit and photonic state as
flying qubit, and a close maximally entangled state can be obtained from pairs of partially entangled
states probabilistically.
PACS numbers: 03.67.Mn, 03.67.Hk, 03.67.Pp
Entanglement plays an important role [1, 2, 3, 4] in
quantum information and computation. To fulfill per-
fect quantum information processing (QIP) the quantum
channel must be maximally entangled usually. But, in
the real processing, storage and transmission of quantum
states, the maximally entangled states usually collapse
into nonmaximally entangled ones or even mixed states
because of noise. To achieve faithful QIP, we must con-
vert the nonmaximally entangled states into pure max-
imally entangled ones. There are many theoretical and
experimental schemes that can achieve this conversion,
such as entanglement concentration (pure nonmaximally
entangled states case) [5], entanglement purification or
distillation (mixed entangled states case) [6].
Recently, Zhao et al. [7] present a practical scheme for
entanglement concentration with the polarization beam
splitters. For pure nonmaximally photonic polarized en-
tangled states, S. Bose et al. [8] have proposed a scheme,
to realize entanglement purification via entanglement
swapping. In the above two proposals [7, 8], they uti-
lize photonic state as both stationary qubits and flying
qubits. Photonic qubits, despite its perfection as flying
qubits, is not ideal for stationary qubits. Oppositely, the
atomic states are known as the ideal stationary qubits
in quantum information theory. In the realm of QIP,
cavity QED is one of the promising candidates dealing
with atomic qubits. There are several entanglement con-
centration and purification schemes for atomic entangled
states in cavity QED [9, 10, 11], where the cavity decay
is neglected.
However, spontaneous and detected decay are unavoid-
able in practical quantum information processing [12] in
cavity QED system. So, teleportation and generation of
atomic entanglement is more general when taking cavity
decay into consideration [13, 14, 15, 16, 17]. Obviously,
it is possible to generate an entangled state between two
atoms, located in two different decay cavities, respec-
tively. Here, we present a scheme for entanglement con-
centration of unknown atomic entangled states via cavity
decay.
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FIG. 1: Level structure of the atoms used in our scheme. The
|e〉 → |r〉 transition is driven by a classical laser pulse with
coupling Ω, and the |r〉 → |g〉transition is driven by the quan-
tized cavity mode with coupling g. Both the classical laser
pulse and the cavity mode are detuned from their respective
transitions by the same amount ∆.
In this paper, each of the atoms is a three-level sys-
tem, which has two ground states |g〉 , |e〉(e.g. hyperfine
ground states) and an excited state |r〉 as depicted in Fig.
1. It is an adiabatic evolution for the |e〉 → |r〉transition,
which is driven by a classical laser pulse with coupling
coefficient Ω. The |r〉 → |g〉transition is driven by the
quantized cavity mode with coupling coefficient g. Both
the classical laser pulse and the cavity mode are detuned
from their respective transitions by the same amount ∆.
Assuming the atom is trapped in a specific position in
the cavity, and the coupling coefficients Ω and g are con-
stant during the interaction. In the case of Ωg/∆2 << 1,
the upper level |r〉 can be decoupled from the evolution.
When ∆ >> γ the spontaneous decay rate γ from |r〉
level can be neglected [13]. In the interaction picture and
suppose Ω = g, the effective Hamiltonian of the atom in-
teracted with the cavity is
Heff = iδ(a |e〉 〈g| − a+ |g〉 〈e|)− ika+a, (1)
where δ = gΩ/∆, a and a+ are the annihilation and
creation operators of the cavity mode, k is the photon
decay rate from the cavity.
In QIP, maximally entangled atomic states are usually
distributed among users in different locations. Because
of nonperfect generation scheme, the entangled states of
the distant atoms may be in the nonmaximally entangled
2FIG. 2: The setup is adapted to concentrate two nonmaxi-
mally entangled pairs into one maximally entangled. Atoms
1 and 3 are trapped in the optical cavities A and B, respec-
tively. S is a 50/50 beam splitter and D± are single-photon
detectors.
states. We can suppose that the entangled states of two
pairs atoms
|Φ〉12 = a |e〉1 |g〉2 + b |g〉1 |e〉2 , (2a)
|Φ〉34 = c |e〉3 |g〉4 + d |g〉3 |e〉4 , (2b)
where a, b,c and d are the normalization coefficients. To
extract maximally entangled states from the nonmaxi-
mally entangled states, we can use the setup in Fig. 2.
Atoms1 and 3 are trapped in the optical cavities A and
B, respectively. Atoms 1 and 3, cavities A and B, beam
splitter S and two detectors belong to Alice, atom 2 be-
longs to Bob, and atom 4 belongs to Charlie. The cavities
are prepared in vacuum states initially.
Then, the initial states of system-A (cavity A and
atoms 1, 2) and system-B (cavity B and atoms 3, 4)
are
|Ψ〉12A = (a |e〉1 |g〉2 + b |g〉1 |e〉2) |0〉A , (3a)
|Ψ〉34B = (c |e〉3 |g〉4 + d |g〉3 |e〉4) |0〉B . (3b)
Alice applies two same classical laser pulses on atoms
1 and 3, respectively, to switch on the effective Hamil-
tonian Heff in the System-A and System-B simultane-
ously. Choosing the interaction time t1, which satisfies
tan Ωkt1
2
= −Ωk
k
(where Ωk =
√
4δ2 − k2), the states of
system-A and the system-B evolve into
|Ψ′〉12A =
(aα |g〉2 |1〉A + b |e〉2 |0〉A) |g〉1√
|a|2α2 + |b|2 , (4a)
|Ψ′〉34B =
(cα |g〉4 |1〉B + d |e〉4 |0〉B) |g〉3√
|c|2α2 + |d|2 , (4b)
where α = − 2δ
Ωk
e−
kt1
2 sin Ωkt1
2
. The successful probability
of evolvement are PA = (|a|2α2+ |b|2)and PB = (|c|2α2+
|d|2), respectively. At the time t1, the joint state of atoms
2, 4, and cavity A, B becomes
|Ψ(t1)〉24AB =
(aα |g〉2 |1〉A + b |e〉2 |0〉A)× (cα |g〉4 |1〉B + d |e〉4 |0〉B)√
PAPB
, (5)
the success probability of this step is Psuc1 = PAPB. If we select Ωk >> k, Psuc1 ≈ 1.
Now we consider the detection stage in which we make two single-photon detectors [13, 14]. Alice will wait for one
click at D+ or D− for a time interval t2, at a time tj in the detection stage (tj ≤ t2), the joint state of atoms 2, 4,
and cavities A, B evolves into [18]
|Ψ(tj)〉24AB =
aαe−ktj |g〉2 |1〉A + b |e〉2 |0〉A√
|a|2α2e−2ktj + |b|2
× cαe
−ktj |g〉4 |1〉B + d |e〉4 |0〉B√
|c|2α2e−2ktj + |d|2 . (6)
If only one of the detectors D± clicks, it corresponds to the action of the jump operators (aA±aB)/
√
2 on the joint
state |Ψ(t2)〉24AB, then the joint state of entire system becomes
∣∣∣Ψ(t2)±
〉
24AB
=
acαe−kt2 |g〉2 |g〉4 (|0〉A |1〉B ± |1〉A |0〉B) + (ad |g〉2 |e〉4 ± bc |e〉2 |g〉4) |0〉A |0〉B√
|ad|2 + |bc|2 + 2|ac|2α2e−2kt2
, (7)
If the D− clicked, Alice lets Charlie give |g〉4 an extra phase shift pi with respect to |e〉4 by classical communication
channel; if the D+ clicked, no extra phase shift is required.
If the initial states of atoms 1, 2 and 3, 4 satisfy the condition a = c, b = d, the state
∣∣∣Ψ(t2)+
〉
24AB
will become
∣∣∣Ψ(t2)+
〉
24AB
=
a2αe−kt2 |g〉2 |g〉4 1√2 (|0〉A |1〉B + |1〉A |0〉B) + ab
1√
2
(|g〉2 |e〉4 + |e〉2 |g〉4) |0〉A |0〉B√
|ab|2 + |a|4 α2e−2kt2
(8)
3Now, we consider the state
∣∣∣Ψ(t2)+
〉
24AB
by tracing
over the cavities A and B, the reduced density matrix of
atoms 2 and 4 is
ρ24 =
|ab|2 |Φ〉2424 〈Φ|+ |a|4 α2e−2kt2 |g〉2 |g〉44 〈g|2 〈g|
|ab|2 + |a|4 α2e−2kt2
(9)
where |Φ〉24 = 1√2 (|g〉2 |e〉4 + |e〉2 |g〉4), which is the ulti-
mate result of concentration. The total successful prob-
ability of obtaining the entangled state in Eq. (9) is
Psuccess = (|ab|2 + |a|4 α2e−2kt2)α2e−2kt2(1 − e−2kt2),
and the fidelity of the obtained state |Φ〉24 is F =
|b|2 /(|b|2 + |a|2 α2e−2kt2). In the case of |a/b| << 1,
the fidelity will be F ≈ 1.
In conclusion, we have proposed an entanglement con-
centration scheme for unknown atomic entangled states
with a finite probability via cavity decay. Compared with
other schemes, our scheme has the following advantages:
(a) In our scheme, the atomic state is used as station-
ary qubit and photonic state as flying qubit, which is
more feasible experimentally. thus the distant entangled
states concentration via high quality fiber will be conve-
nient. (b) Taking cavity decay into consideration, it is
more practical to discuss entanglement concentration.
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